This article describes the kinetic modeling of [ 18 F]-FEPPA binding to translocator protein 18 kDa in the human brain using high-resolution research tomograph (HRRT) positron emission tomography. Positron emission tomography scans were performed in 12 healthy volunteers for 180 minutes. A two-tissue compartment model (2-CM) provided, with no exception, better fits to the data than a onetissue model. Estimates of total distribution volume (V T ), specific distribution volume (V S ), and binding potential (BP ND ) demonstrated very good identifiability (based on coefficient of variation (COV)) for all the regions of interest (ROIs) in the gray matter (COV V T < 7%, COV V S < 8%, COV BP ND < 11%). Reduction of the length of the scan to 2 hours is feasible as V S and V T showed only a small bias (6% and 7.5%, respectively). Monte Carlo simulations showed that, even under conditions of a 500% increase in specific binding, the identifiability of V T and V S was still very good with COV < 10%, across high-uptake ROIs. The excellent identifiability of V T values obtained from an unconstrained 2-CM with data from a 2-hour scan support the use of V T as an appropriate and feasible outcome measure for [ 18 F]-FEPPA.
Introduction
Microglia are key players in the immune surveillance system in the central nervous system where they are the resident macrophages (Gehrmann et al, 1995) and are the first responders to various types of brain injury (Kreutzberg, 1996) . Microglia express a protein in their mitochondria called the translocator protein 18 kDa (TSPO) (Braestrup et al, 1977) . The TSPO previously known as the peripheral benzodiazepine receptor (PBR) is located in the outer mitochondrial membrane (Bernassau et al, 1993; McEnery et al, 1992) and is part of a larger complex, which includes the adenine nucleotide carrier and the voltage-dependent anion channel (Culty et al, 1999; Papadopoulos et al, 1997) . In response to neuroinflammation, TSPO is overexpressed compared with normal tissue. This has been confirmed in a large number of studies over several years, which have shown that levels of TSPO and/or microglia are greatly increased in examples of inflammation (as reviewed by Chen and Guilarte, 2008) .
The first and most widely used radiotracer in positron emission tomography (PET) imaging of TSPO is [ 11 C]-PK11195 (Cagnin et al, 2001; Camsonne et al, 1984; Charbonneau et al, 1986; Debruyne et al, 2003; Gerhard et al, 2000 Gerhard et al, , 2003 Pappata et al, 1991) . However, this radiotracer has recognized limitations including high nonspecific binding, low brain penetration, high plasma protein binding, and a difficult synthesis. The deficiencies of [ 11 C]-PK11195 coupled with the recognized importance of TSPO imaging have fueled considerable efforts to develop radiotracers with greater sensitivity to detect TSPO binding (James et al, 2006; Okubo et al, 2004) . While [ 11 C]-PBR28 (Fujita et al, 2008) and [ 11 C]-DPA713 (Boutin et al, 2007 ) circumvent many of the deficiencies of [ 11 C]-PK11195, both are radiolabeled with the short-lived carbon-11 (t 1/2 = 20.39 minutes), which make them unsuitable for wide-spread dissemination. The advantages of fluorine-18-labeled radiotracer are several; improved targetry means that [ 18 F]-fluoride can now be produced by low/medium energy cyclotrons in large quantities, the imaging quality of this radionuclide is superior to carbon-11, and most importantly the longer half-life (t 1/2 = 109.8 minutes), allows shipment to imaging sites distant from the site of production, which is particularly useful for clinical applications. Only two [ 18 F]-labeled TSPO radiotracers have been evaluated so far in humans. [ 18 F]-FEDAA1106 displays good brain penetration, but this compound is exceedingly lipophilic and its binding kinetics are very slow (Fujimura et al, 2006) . Very recently, [ 18 F]-PBR06 has been studied in human (Fujimura et al, 2009 ). [ 18 F]-PBR06 has many favorable properties, including appropriate kinetics, good brain penetration, and ease of preparation. Unfortunately, initial reports suggest that it produces a brain-penetrant radiolabeled metabolite, which confounds quantification of TSPO binding (Fujimura et al, 2009) .
We recently reported the radiosynthesis and initial evaluation of an F-18 radiolabeled analog of PBR28 and compare its in vitro, physiochemical, and in vivo central nervous system distribution properties, including metabolism in rats, to PBR28 . FEPPA (K i E0.07 nmol/L) was threefold more potent than PBR28 (K i E0.22 nmol/L) and an order of magnitude more potent than either DPA713 (K i E0.87 nmol/L) or the prototypical PK11195 (K i E1.29 nmol/L) . The lipophilicity of FEPPA was measured at physiological pH and found to be 2.99 , suitable for penetration of the blood-brain barrier. In pig, [ 18 F]-FEPPA showed good and rapid brain penetration with an appropriate regional distribution for binding to TSPO. Highest uptake was seen in the thalamus with lower amounts in the cerebellum and frontal cortex. Pretreatment with the prototypical TSPO ligand PK11195 (2 mg/kg) resulted in a significantly lower and homogeneous binding pattern, demonstrating that a large proportion of the brain uptake of [ 18 F]-FEPPA is mediated by binding to TSPO (Bennacef et al, 2008) . In summary, [ 18 F]-FEPPA displays highly favorable properties as a radiotracer for PET imaging of TSPO/neuroinflammation in human as it has high affinity for TSPO, an appropriate metabolic profile, with high brain penetration and good pharmacokinetics in both pig and rat. Finally, [ 18 F]-FEPPA is demonstrably sensitive to neuroinflammation in a rat model (Hatano et al, 2010) .
In light of these promising results, we evaluated the ability of [ 18 F]-FEPPA to quantify TSPOs in the human brain. We sought to determine whether brain uptake was better quantified with a model having a single compartment (i.e., free, specifically bound, and nonspecifically bound radiotracer instantaneously in equilibrium) or two compartments (i.e., in the first compartment free and nonspecifically bound radiotracer instantaneously in equilibrium and in the second specifically bound radiotracer). We also investigated (1) how well the total distribution volume (V T ), the distribution volume of the specifically bound radiotracer (V S ), and the binding potential (BP ND ) were identified, (2) whether stable values of V T and BP ND were attained during the scanning session, and (3) how much of an increase of TSPO binding can reliably be measured during a 2-hour scanning session.
Materials and methods

Radiosynthesis of [ 18 F]-FEPPA
Details of [ 18 F]-FEPPA radiosynthesis have been described previously . Briefly, [ 18 F]-fluoride is dried, then reacted with the tosylate precursor in acetonitrile for 10 minutes at 901C. The product is purified by high-performance liquid chromatography and formulated in buffered saline containing 5% to 10% ethanol, then cold sterilized by passing through a 0.22-m filter. The final formulation is sterile, pyrogen free, with a pH of 5 to 8. Radiochemical purity is > 96% with specific activities of above 1,000 mCi/mmol at the end of synthesis. The formulation is stable, apart from radioactive decay, for at least 6 hours. The whole radiosynthetic procedure is performed in a General Electric Medical systems FX N (Milwaukee, WI, USA) sealed module.
Human Subjects
Twelve healthy volunteers (four men and eight women; age 24 to 72 years) participated in this study. All subjects were free of current medical and psychiatric illness based on history, physical examination, electrocardiogram, urinalysis (including drug screening), and blood tests (complete blood count and serum chemistry). All subjects provided written informed consent after all procedures were fully explained.
Positron Emission Tomography Protocol
The PET scanning was performed using a 3D highresolution research tomograph (HRRT) brain tomograph (CPS/Siemens, Knoxville, TN, USA), which measures radioactivity in 207 slices with an interslice distance of 1.22 mm. The detectors of the HRRT are an LSO/LYSO phoswich detector, with each crystal element measuring 2 Â 2 Â 10 mm 3 . A transmission scan, measured using a single photon point source, 137 Cs (t 1/2 = 30.2 years, Eg = 662 keV) was acquired immediately before the acquisition of the emission scan. This transmission scan was subsequently used to correct the emission data for the attenuation of the emission photons through the head and support.
Each subject was scanned for 180 minutes following the injection of [ 18 F]-FEPPA, and the images were reconstructed into 45 time frames: The first frame was of variable length being dependent on the time between the start of acquisition and the arrival of [ 18 F]-FEPPA in the tomograph field of view (FOV). The subsequent frames were defined as 5 Â 30 seconds, 14 Â 5 seconds, 2 Â 60 seconds, 1 Â 90 seconds, 1 Â 120 seconds, 1 Â 210 seconds, and 33 Â 300 seconds.
The emission list mode data were rebinned into a series of 3D sinograms. The 3D sinograms were gap filled, scatter corrected, and Fourier rebinned into 2D sinograms The images were reconstructed from the 2D sinograms using a 2D filtered-back projection algorithm, with a HANN filter at Nyquist cutoff frequency. The reconstructed image has 256 Â 256 Â 207 cubic voxels measuring 1.22 Â 1.22 Â 1.22 mm 3 and the resulting reconstructed resolution is close to isotropic 4.4 mm, full width at half maximum in plane and 4.5 mm full width at half maximum axially, averaged over measurements from the center of the transaxial FOV to 10 cm off-center in 1.0 cm increments.
A custom-fitted thermoplastic mask was made for each subject and used with a head fixation system during PET measurements. In addition, head movement was corrected after the scan by realigning all images from each subject using Statistical Parametric Mapping (version 5 (SPM5); Wellcome Department of Cognitive Neurology).
Measurement of [ 18 F]-FEPPA in Plasma
Arterial sampling was taken continuously at a rate 2.5 mL/ min for the first 22.5 minutes. The continuous early arterial blood radioactivity levels were counted using an automatic blood sampling system (Model # PBS-101 from Veenstra Instruments, Joure, The Netherlands). In addition, 4 to 10 mL manual samples were taken at 2. 5, 7, 12, 15, 20, 30, 45, 60, 90, 130, and 180 minutes. An aliquot of each blood sample was taken to measure radioactivity concentration in total blood. The remaining blood was centrifuged (1,500 g, 5 minutes) and a plasma aliquot counted together with the total blood sample using a Packard Cobra II g counter crosscalibrated with the PET system. The blood-toplasma ratios were determined from the manual samples to correct the blood radioactivity time-activity curve (TAC) measured by automatic sampling and to generate the plasma radioactivity curve. A biexponential function was used to fit the blood-to-plasma ratios. The remaining volume of each manual plasma sample was used to determine parent radioligand and its metabolites in plasma. A Hill function was used to fit the percentage of unmetabolized tracer. A metabolite corrected plasma curve was generated by the product of the dispersion corrected blood curve with the two curves (blood-to-plasma ratio and percentage of parent radiotracer), which was then used as the input function for the kinetic analysis.
Magnetic Resonance Image and Regions of Interest Delineation
For the anatomical delineation of regions of interest (ROIs), a brain magnetic resonance image was acquired for each subject. 2D axial proton density images were acquired with a General Electric (Milwaukee, WI, USA) Signa 1.5 T magnetic resonance image scanner (slice thickness = 2 mm, repetition time > 5,300 milliseconds, echo time = 13 milliseconds, flip angle = 901, number of excitations (NEX) = 2, acquisition matrix = 256 Â 256, and FOV = 22 cm). Regions of interest for the cerebellar cortex (hereafter referred to as the cerebellum), caudate, putamen, frontal cortex, temporal cortex, occipital cortex, insular cortex, anterior cingulate cortex, and thalamus were automatically generated based in those proton density-magnetic resonance images using in-house software, ROMI (Rusjan et al, 2006) . ROMI utilizes computer vision techniques based on the probabilities of gray matter to fit a standard template of ROIs to an individual highresolution magnetic resonance image scan. A ROI for white matter is generated using a previously described algorithm (Bencherif et al, 2004) . The individual magnetic resonance images are then registered to a time average of the dynamical PET image so that the individual refined ROI template is transformed to the PET image space to allow the TAC generation from each ROI. Coregistration was performed using SPM2 (Welcome Department of Cognitive Neurology, London), which optimizes a measure of normalized mutual information (Studholme et al, 1999) .
Kinetic Analysis
Following the definitions proposed in a consensus nomenclature for reversibly binding radioligands (Innis and Carson, 2007) , TAC data were analyzed with one-tissue compartment model (1-CM) to estimate rate constants K 1 and k 1 , two-tissue compartment model (2-CM) to estimate K 1 , k 2 , k 3 , and k 4 and Logan graphical analysis to estimate V T .
V T is equal to the ratio at equilibrium of the concentration of radioligand in tissue to that in plasma. V T includes the concentrations of all radioligand in tissue (i.e., specific binding and nondisplaceable uptake (nonspecifically bound and free radioligand in tissue)). The value of V T can be estimated from the rate constants, for 1-CM as V T 1-CM = k 1/ k 2 and for 2-CM as V T 2-CM = k 1 /k 2 (1 + k 3 /k 4 ). In addition, for the 2-CM it is possible to directly estimate the distribution volume of the specific compartment V S (i.e., the ratio at equilibrium of the specifically bound radioligand to that of total parent radioligand in plasma) as V S = K 1 /k 2 k 3 /k 4 and BP ND (i.e., a ratio at equilibrium of specifically bound radioligand to that of nondisplaceable radioligand in tissue (Mintun et al, 1984) ) as BP ND = k 3 /k 4 .
Nonlinear Least-Square Fitting
Kinetic analyses were performed using PMOD 3.1 modeling software (PMOD Technologies Ltd., Zurich, Switzerland) (Burger and Buck, 1997) . Rate constants were estimated with the weighted least-squares method and the Marquardt optimizer. The nonlinear fitting for the 2-CM used as independent) variables K 1 , K 1 /k 2 , k 3 , and k 4 for each ROI. The percent coefficient of variation (%COV = 100% Â s.e./ mean) was used to measure the identifiability of the kinetic variables. The standard error (s.e.) was estimated from the diagonal of the covariance matrix of nonlinear least-squares fitting. A smaller percentage indicates better identifiability.
Brain data for each frame were weighted relative to other frames based on the trues (T i ) in the FOV during the frame i in the following way (Yaqub et al, 2006) :
where l = ln (2)/109.8 minutes is the decay constant of 18 F, and t i s and t i e is the frame start and end time. Each model configuration was implemented to account for the contribution of activity from the cerebral blood volume assuming that cerebral blood volume was 5% of the brain volume (Phelps et al, 1979) for gray matter and 2.7% for white matter (Leenders et al, 1990) . The whole bloodactivity curve (C b ) was calculated correcting by delay and dispersion the curve measured with the automatic blood sampling system (C m ). The dispersion effect was modeled as C m (t) = (1/t) e Àt/t #C b (t) with the time constant of dispersion t = 16 seconds calculated from previous experiments with our hardware. The delay, d, between the activity in the FOV, described by the head curve (H c = prompts-randoms) in a second by second basis (Iida et al, 1986; Meyer, 1989 ) and the plasma input function (C p ) was estimated by fitting the first 50 seconds of the H c to an irreversible 1-CM with C b as input function and including a term for the cerebral blood volume:
Simulations Monte Carlo simulations were performed to assess the loss of identifiability in V T , V S , and BP ND when k 3 increases.
The thalamus was chosen as the ROI to perform this simulation, as it presents the highest binding (i.e., least reversible curve) with an important level of noise, which would more likely mimic an unfavorable situation. The scanning length for each simulation was 2 hours. Noise for the frame i at time t i was modeled with a Gaussian distribution with standard deviation (s.d. i ) according to Logan et al (2001) :
where C i is the noise-free simulated radioactivity and SF is the scale factor that controls the level of noise. Setting SF = 1.25, the mean percent noise contained in the noisy data was calculated as the ratio mean s.d. i to the mean C i (Ichise et al, 2002) , resulting in 5.32%. Its value is similar to the mean s.d. across ROIs, 5.05%, estimated from the absolute deviation given by the residuals of the 2-CM fitting of TACs.
Statistics
Goodness of fit was evaluated using the Akaike Information Criterion (Akaike, 1974) and the Model Selection Criterion (MicroMath, 1995) . Lower Akaike Information Criterion and higher Model Selection Criterion values were indicative of a better fit. Group data are expressed as mean ± s.d.
Results
Safety Measures
On the basis of patient reports, electrocardiogram, blood pressure, and pulse, the injection of [ 18 F]-FEPPA caused no adverse effects during the 3-hour scans. In addition, no significant effects were noted in any of the blood and urine tests acquired about 3 ± 2 days after radioligand injection. The injected mass and activity of [ 18 F]-FEPPA ranged from 0.12 to 3.22 mg and from 3.95 to 5.12 mCi, respectively ( Supplementary Table 1 ).
Plasma Analysis
An average curve of unmetabolized [ 18 F]-FEPPA in plasma ( Figure 1A) reaches a maximum of 20.8 standard uptake value (SUV) at 23 seconds after injection and thereafter rapidly declines. Triexponential fitting describes very well (r 2 > 0.99) the washout of radioactivity with half-lives of 0.06, 1.2, and 40 minutes. These half-lives are responsible for 8%, 23%, and 69% of the total area under the decay from the peak to infinity. Reversed-phase high-performance liquid chromatography showed the presence of at least three radioactive metabolites of [ 18 F]-FEPPA ( Figure 1B) , which appeared quickly in plasma and later became the predominant components ( Figure 1C ). The radiometabolites eluted earlier than did [ 18 F]-FEPPA, indicating that they were less lipophilic than [ 18 F]-FEPPA with a similar profile to that observed in rat . [ 18 F]-FEPPA was rapidly metabolized with B80% of the radioactivity in plasma attributable to polar metabolites after 30 minutes. The fraction of unmetabolized [ 18 F]-FEPPA in plasma decreased more slowly thereafter, being 15%, 10%, 6.6%, 4.9%, and 3.6% at 45, 60, 90, 130, and 175 minutes postinjection, respectively ( Figure 1C , circles). A Hill function (Gunn et al, 1998) : 100% Â (1À(at b /(c b + t b ))) fitted the measure values very well (r 2 > 0.997).
Distribution of Radioactivity in the Brain Regions
After [ 18 F]-FEPPA injection, all subjects showed moderate levels of brain radioactivity that washed out gradually. The characteristics of the TACs are dependent on the ROI (Figure 2) . The peak is very flat so it is difficult to identify with precision. It is reached within the first 20 minutes for all the gray matter TACs. Time-activity curves also present a sharp first peak immediately after injection from intravascular radioactivity. Thalamus shows the highest peak (1.45 SUV) followed by the cerebellum (1.4 SUV), temporal (1.35 SUV), occipital (1.33 SUV), frontal (1.3 SUV), putamen (1.29 SUV), caudate (1.28 SUV), insula (1.24 SUV), and cingulate (1.16 SUV). The washout is faster in the caudate, putamen, and cerebellum and slower in the thalamus. After 3 hours, the activity decreased to 52% of the peak value for the caudate, 53% for putamen, 57% for the cerebellum, between 63% and 64% for the cortical regions, 67% for thalamus. The white matter shows a lower peak (0.51 SUV) than all the other ROIs, reaching the peak later, at 54 minutes, and decaying slower than the thalamus to the 91% of the peak value at 3 hours. As expected from the known distribution of TSPOs in the human brain (Doble et al, 1987) , the distribution of activity was widespread and fairly uniform within the gray matter of the cerebral cortices, cerebellum, basal ganglia, and thalamus ( Supplementary Figure 1) . As no brain region lacks TSPO expression, we could not apply a reference region method for the kinetic analysis.
Fluorine-labeled radioligands may be metabolized by defluorination, with subsequent uptake of 18 Ffluoride ion into bone, including the skull. High levels of radioactivity in the skull could affect the quantification of, for example, cortical ROIs as consequence of spillover. However, radioactivity in bone was negligible ( Supplementary Figure 1) .
Kinetic Analysis
We compared 1-CM and unconstrained 2-CM by studying the results obtained from the full 3-hour session. For each ROI of each subject, the unconstrained 2-CM model provided a better fit than did the 1-CM (Figure 3) , showing a lower Akaike Information Criterion and a higher Model Selection Criterion (Table 1) .
Results obtained with the 2-CM are summarized in Table 2 (and Supplementary Figures 5-8 ). Excluding the white matter, the estimations of V T and V S with the unconstrained 2-CM and 3 hours of scanning present very good identifiability for all the ROIs (2% < %COV V T < 7%, 2% < %COV V S < 8%). The identifiability of BP ND was excellent for large ROIs (e.g., frontal cortex 3.7%) and poorer for smaller ROIs (e.g., anterior cingulate 10% or caudate 12.5%). The rank order of V T is thalamus > temporal cortex > occipital cortex > insula > frontal > cerebellum > cingulated > putamen > caudate.
The rank order is preserved for V S and BP ND except for the anterior (Hilton et al, 2000) . [ 18 F]-FEPPA has a retention time of 9 minutes. (C) The average (n = 12) percentage composition of plasma radioactivity over time is shown for [ 18 F]-FEPPA (circles) and the radiometabolites (triangles, diamonds, and squares). SUV, standardized uptake value.
Figure 2
Average time-activity curve (TAC) (SUV, standardized uptake value; n = 12) for thalamus, putamen, temporal cortex, and white matter.
PET quantification of [ 18 F]-FEPPA in humans PM Rusjan et al cingulate. While K 1 (0.18±0.02) and K 1 /k 2 (1.98±.21) are identifiable, k 3 and k 4 are not identifiable independently. The TAC of the white matter shows a completely different behavior to the other ROIs with a lower peak and a slower washout. Two-tissue compartment model describes the kinetic better than 1-CM. The identifiability of the parameters is lower than those of the gray matter: %COV = 11.3%, 12.3%, and 21% for V T , V S , and BP ND , respectively.
When the length of scanning is reduced from 3 to 2 hours, the rank order is mostly maintained ( Table  2) . Excluding the white matter, the %COV increases on average 2.5%, 3%, and 3.2% for V T , V S , and BP ND , respectively. So while V T and V S continue to be reliably identifiable, only large ROIs give a BP ND with good identifiability (e.g., frontal cortex %COV = 5.8%). The correlation of values between 2 and 3 hours are excellent (r 2 = 0.989 for V T , r 2 = 0.994 for V S , and r 2 = 0.971 for BP ND ) ( Supplementary   Figure 2) . V S and V T , determined by 2 hours scanning, underestimates the values compared with 3 hours scanning by 6% and 7.5%, respectively. However, the spread of the measurements (s.d./ means) are still practically the same (29% for V S and 27% for V T average across ROIs), suggesting no increased spread with the 2-hour scan. The measurements for white matter behave in the same way. Despite the identifiability being very low (%COV > 21%), the correlation V T (and V S ) between 2 and 3 hours is excellent (r 2 > 0.98 in both cases).
Identifiability becomes poorer with a further reduction of length of scanning to 90 minutes. The average %COV excluding white matter are 14%, 17%, 19% for V T , V S , and BP ND , respectively. The average of V T and V S does not present significant bias with respect to data from 2 hours scanning and the variability increases to 33% for V S and 31% for V T averaged across ROIs (Supplementary Table 2 ). The V T values at 90 minutes correlate with the values at 3 hours (r 2 = 0.91, V T 180 minutes = 0.92, V T 90 minutes + 1.61).
Linear Graphical Analysis
V T values estimated with linear graphical approach using total least-squared method (V T TLS ) (Varga and Szabo, 2002) correlate very well with those obtained using the 2-CM. For the 3-hour scans the relation is V T TLS = 0.967 V T 2-CM + 0.0027, r 2 = 0.970 and for the 2hour scans, V T TLS = 0.96 V T 2-CM + 0.08, r 2 = 0.966 (Supplementary Figure 3 ). The mean underestimation of the linear approach is 3% for the 3-hour and 5% for the 2-hour scan.
Simulations
Change in k 3 to simulate increase neuroinflammation: Table 3 (and Supplementary Figure 4) shows the result of the simulation using 2 hours scanning data. The results show that when k 3 increases by a factor of six, the %COV for V T and V S increase from around 6% to around 10%, while the %COV BP ND 
Figure 3
Time-activity data and curve fitting for occipital cortex for a typical subject. Two-tissue compartment model (2-CM) provided significantly better fitting than did 1-CM for all subjects. TAC, time-activity curve; SUV, standardized uptake value.
PET quantification of [ 18 F]-FEPPA in humans Table 2 Kinetic rate constants estimated with unconstrained 2-CM with 3 hours (above) and 2 hours (below) of scan data 0.012 ± 0.004 17 ± 5 9.61 ± 3.24 7.5 ± 2.8 11.35 ± 3.59 6.5 ± 2.4 5.67 ± 1.67 9.9 ± 4.1 Cerebellum 0.20 ± 0.06 2.8 ± 1.7 2.06 ± 0.69 2.9 ± 2.5 0.06 ± 0.02 8 ± 3 0.013 ± 0.001 10 ± 2 9.32 ± 2.74 3.6 ± 0.7 11.38 ± 2.98 3.0 ± 0.5 4.92 ± 1.81 5.0 ± 2.1 Frontal cx.
0.17 ± 0.05 2.6 ± 1.0 2.04 ± 0.70 2.0 ± 1.7 0.06 ± 0.02 6 ± 3 0.013 ± 0.003 7 ± 2 9.75 ± 2.79 3.0 ± 0.9 11.79 ± 3.14 2.5 ± 0.7 5.14 ± 1.66 3.7 ± 1.6 Insula 0.16 ± 0.04 3.2 ± 1.1 2.00 ± 0.63 4.1 ± 3.2 0.06 ± 0.02 10 ± 3 0.012 ± 0.003 13 ± 3 9.91 ± 2.92 5. 0.18 ± 0.07 5.8 ± 3.0 1.77 ± 0.59 5.7 ± 5.7 0.08 ± 0.03 19 ± 10 0.018 ± 0.005 24 ± 11 7.41 ± 2.31 9.9 ± 4.1 9.18 ± 2.57 7.9 ± 3.3 4.54 ± 1.76 12 ± 6 Ant cingulate 0.16 ± 0.04 5.6 ± 3.0 1.57 ± 0.56 5.3 ± 4.9 0.08 ± 0.03 18 ± 13 0.014 ± 0.004 27 ± 12 9.08 ± 2.84 13 ± 5 10.65 ± 3.12 11 ± 4 6.14 ± 2.22 14 ± 6 Cerebellum 0.21 ± 0.06 2.7 ± 1.3 1.79 ± 0.53 3.3 ± 2.3 0.08 ± 0.03 8 ± 3 0.015 ± 0.002 12 ± 3 8.77 ± 2.56 5.5 ± 1.7 10.55 ± 2.66 4.5 ± 1.4 5.36 ± 2.44 6.9 ± 2.4 Frontal cx.
0.18 ± 0.05 2.3 ± 1.0 1.78 ± 0.52 2.6 ± 1.7 0.08 ± 0.02 9 ± 4 0.015 ± 0.003 12 ± 5 9.15 ± 2.46 4.7 ± 1.5 10.93 ± 2.70 3.9 ± 1.1 5. While scanning for 3 hours looks optimum from the point of view of identifiability, it has some practical limitations in human PET studies since some subjects do not tolerate scanning beyond 2 hours. Shortening the length of the scan is possible but with somewhat poorer identifiably for BP ND , although identifiability of V T and V S are preserved (averaging across ROIs: %COV increases from 5% to 8%, and from 4% to 7% for V S and V T , respectively). Additionally, a bias is identified in the magnitudes. In the average across the ROIs, V S values decrease 6% and V T values decrease 7.5%. The bias depends on the ROIs, with the putamen presenting the smallest bias and the thalamus the biggest bias. Nevertheless, the bias is well below 10%, making it quite acceptable for clinical studies.
We found a large variability of V T , V S , and BP ND across the 12 subjects. Depending on the ROI for 2 hours of scan data, the variability of V T ranges between 23% and 29%, of V S between 24% and 31%, and of BP ND between 34% and 48%. This variability is, however, similar to the one observed with [ 18 F]-PBR06 (V T 26% to 34%) (Fujimura et al, 2009) . The variability in our study was not a consequence of gender or age. While there was no correlation with either gender or age, there are not enough data to reach a conclusion at this point. In vitro studies (Owen et al, 2010 (Owen et al, , 2011 have shown two TSPO binding sites for [ 11 C]-PBR28, which have lead to the classification of the population in three groups: low affinity binders, mixed affinity binder, and high affinity binders. In the same study, in vitro results are not incompatible with the existence of two binding sites for other TSPO radioligands (e.g., [ 18 F]-PBR06, [ 11 C]-DAA1106, [ 11 C]-DPA713, and [ 11 C]-PBR111). However, in vivo low affinity binders (B15% of the population) was only reported with [ 11 C]-PBR28 (Fujita et al, 2008) , and it has not been possible to determine with certainty the presence of mixed affinity binder and/or high affinity binders in a sample of 37 subjects (Owen et al, 2011) . We have not found so far nonbinders (i.e., low affinity binders) with [ 18 F]-FEPPA. On the other hand with only 12 subjects, it is not possible to classify our sample into groups (i.e., low affinity binders, mixed affinity binder, and high affinity binders). The possibility that the variability in the results could be due to the existence of different groups characterized by the binding sites cannot be ruled out.
Reducing the length of scanning does not change this variability and, importantly, our simulations predict that with 2 hours of scanning, we will still be able to use [ 18 F]-FEPPA to measure increases up to 500% in TSPO densities. It should be noted that k 3 would only change linearly with TSPO densities (B max ) if both the free fraction of ligand in the nondisplaceable tissue compartment (f ND ) and the association rate constant (k on ) does not change (k 3 = f ND k on B max ). Eventually, under pathological conditions characterized by a higher B max those variables and K 1 , k 2 , and k 4 could change independently. Simulation showed that changes in blood flow would not affect the quantification of V T and V S (simulations described in Supplementary Information).
The Logan graphical method using total leastsquared approach (Varga and Szabo, 2002) correlates well with the 2-CM so it would be a good option for parametric maps of V T . While V T is definitively a good option for ROI analysis, V S may be better as it does not include free and nonspecific contributions and its identifiability is very robust. However, it should be noted that optimization algorithms are prone to finding solutions (local minimum of the cost function) that in spite of presenting good identifiability could provide estimations of K 1 /k 2 that may not represent the physiological volume of distribution of the free and nonspecific compartment (V ND ). In the absence of some comparisons of V T between conditions of blocked and unblocked specific binding, it is not possible to know the true decomposition of V T into V ND + V S . In this work, we could easily distinguish between compartments, and regional estimates of K 1 /k 2 , which were consistently between 1.5 and 2 in all brain regions, but this is still not direct evidence that these values represent the physiological V ND .
Conclusion
Binding of [ 18 F]-FEPPA in the healthy human brain was well identified with an unconstrained 2-CM using 120 minutes of scan data. V T and V S are adequate binding parameters to quantify [ 18 F]-FEPPA in living humans with increases of TSPO until up 500%. In summary, [ 18 F]-FEPPA is a promising PET tool to measure neuroinflammation in human brain, demonstrating an excellent and feasible method for obtaining V T , a useful index of TSPO binding in living humans.
